In this two-part paper, a correction for rain attenuation of radar reflectivity (Z H ) and differential reflectivity (Z DR ) at the X-band wavelength is presented. The correction algorithm that is used is based on the self-consistent method with constraints proposed by Bringi et al., which was originally developed and evaluated for C-band polarimetric radar data. The self-consistent method is modified for the X-band frequency and is applied to radar measurements made with the multiparameter radar at the X-band wavelength (MP-X) operated by the National Research Institute for Earth Science and Disaster Prevention (NIED) in Japan. In this paper, characteristic properties of relations among polarimetric variables, such as A H -K DP , A DP -A H , A H -Z H , and Z DR -Z H , that are required in the correction methodology are presented for the frequency of the MP-X radar (9.375 GHz), based on scattering simulations using drop spectra measured by disdrometers at the surface. The scattering simulations were performed under conditions of three different temperatures and three different relations for drop shapes, in order to consider variability of polarimetric variables for these conditions. For the X-band wavelength, the A H -K DP and A DP -A H relations can be assumed to be nearly linear. The coefficient ␣ of the A H -K DP relation varies over a wide range from 0.139 to 0.335 dB (°)
Introduction
Dual-polarized weather radars are known to provide valuable information for hydrological and meteorological studies, such as improved rainfall estimation, retrieval of drop size distribution (DSD) parameters, hydrometeor classification, and interpretation of microphysical processes of precipitation systems (Zrnic and Ryzhkov 1999; Bringi and Chandrasekar 2001; Gorgucci et al. 2002b ). This advantage of polarimetric weather radar has been demonstrated mostly at long wavelengths, for example, S and C bands (near 10 and 5 cm, respectively), and rainfall estimation algorithms, particularly at S band, are well developed. Compared to long wavelengths, however, studies at shorter wavelengths, for example, X band (near 3 cm), are still limited. Although theoretical studies based on scattering simulations at X band can be found in the literature Jameson 1991 Jameson , 1992 Chandrasekar et al. 2002; Maki et al. 2005b) , studies on quantitative applications such as rainfall estimation using radar data are very limited, with a few exceptions (Tan et al. 1991; Matrosov et al. 1999 Matrosov et al. , 2002 Iwanami et al. 2003; Anagnostou et al. 2004) .
Compared to the long wavelengths, X-band radars have several advantages, such as finer resolution with smaller-sized antennas than those used at S band, easier mobility resulting from smaller antennas for the same beamwidths, and, subsequently, lower cost. The application of smaller X-band radars in a networked fashion has gained momentum since the launch of the Center for Collaborative Adaptive Sensing of the Atmosphere (CASA; Chandrasekar et al. 2004) program in the United States. Polarimetric radars at X band have, in addition, one important advantage, that is, the specific differential phase K DP is much larger than that at longer wavelengths, or K DP directly scales with frequency for Rayleigh scattering. From scattering simulations, K DP at X band is larger by about 1.5 and 3 times compared to C and S bands, respectively, for the same rain rate. For a given error in K DP estimation from differential propagation phase DP , this result allows one to apply X-band K DP to much weaker rainfall events (Matrosov et al. 1999; Chandrasekar et al. 2002; Maki et al. 2005b ). The advantages of using K DP , such as independence on radar power calibrations, less sensitivity to natural variations of DSDs, and being unaffected by attenuation and relatively immune to beam blockage , also hold at X band. One possible problem at X band is related to scattering differential phase (␦) between horizontal and vertical polarizations resulting from very large drops or melting ice particles, which can contaminate the DP data and, hence, affect the accuracy of K DP estimation. Recent data at X band reported by Matrosov et al. (2002) and Anagnostou et al. (2004) do not show this to be a factor perhaps because the larger absorption at X band tends to "dampen" the Mie scattering effect of ␦ (as opposed to C band, see, e.g., Meischner et al. 1991) . However, the scattering differential phase contamination can be removed by appropriate filtering techniques as described by Hubbert and Bringi (1995) or May et al. (1999) , or a relation between differential reflectivity Z DR and ␦ can be used (Scarchilli et al. 1993; Chandrasekar et al. 2002) . In this paper the iterative filtering method of Hubbert and Bringi (1995) is used.
One main reason for the limited studies using X-band polarimetric radar may be that attenuation resulting from rain is significant at shorter wavelengths. From scattering simulations, at the X-band wavelength, the one-way specific attenuation (A H ) and specific differential attenuation (A DP ) are about two and one order larger than those at S and C bands, respectively. This means that attenuation at the X-band wavelength may be significant, even in weak rain events, and cause a significant decrease of the power received by the radar (affecting radar reflectivity Z H and differential reflectivity Z DR ) with increasing penetration into the rain medium. Unless attenuation is corrected, the decrease of Z H and Z DR resulting from attenuation causes errors in their quantitative application, such as estimation of rainfall amounts and DSDs. Although the specific differential phase K DP produces more accurate rainfall estimation than that by conventional Z-R relations, it is a "noisy" estimate, especially in light rainfall Ryzhkov and Zrnic 1996) . Therefore, for weak rainfall, conventional Z-R relations are still useful and, hence, the measured reflectivity must be corrected for attenuation. In addition to rainfall estimation, correction of attenuation is also necessary for retrieving DSDs, because the retrievals are based on empirical relations between the parameters of a function describing the DSD and the polarimetric variables Z H , Z DR , and K DP (Gorgucci et al. 2002a,b; Bringi et al. 2002) .
The attenuation correction of Z H and Z DR requires determination of A H and A DP , respectively. Once A H and A DP are determined as a function of range, the attenuation correction of Z H and Z DR at a given range can be easily accomplished. In conventional (or single polarization) radars, the attenuation (A H ) has been determined by an indirect algorithm using empirical Z H -R and A H -R (or Z H -A H ) relations (Hitschfeld and Bordan 1954; Hildebrand 1978) . However, this indirect method is known to be inherently unstable and very sensitive to even slight errors in the system gain (Hitschfeld and Bordan 1954; Johnson and Brandes 1987) , because A H is derived from the measured (attenuated) Z H . Gorgucci et al. (1998) showed from theoretical analysis that the indirect correction method based on the attenuated Z H produced larger correction errors than by a method using the differential propagation phase measurement to be described below, even when there was no calibration error.
In dual-polarized radar, on the other hand, the attenuated Z H and Z DR can be stably corrected by using the differential propagation phase measurement ( DP ), because phase measurements are not affected by attenuation or calibration errors. By using the property that the path-integrated attenuation (PIA) is well correlated with DP , various algorithms for correcting attenuation have been developed Ryzhkov and Zrnic 1995; Smyth and Illingworth 1998; Carey et al. 2000; Testud et al. 2000; Bringi et al. 2001; Le Bouar et al. 2001 ). These correction algorithms will be discussed in section 2. However, most of these algorithms have been evaluated at S and C bands, and there are very limited studies using X-band polarimetric radar (Matrosov et al. 2002; Iwanami et al. 2003; Anagnostou et al. 2004) . The object of this study is the correction of dual-polarization radar measurements (Z H and Z DR ) for rain attenuation at the X-band wavelength.
In 2000, the National Research Institute for Earth Science and Disaster Prevention (NIED) in Japan developed a multiparameter radar at the X-band wavelength (MP-X) for hydrological and meteorological applications (Iwanami et al. 2001) . After the first field experiments, which were carried out in 2001, the MP-X radar has been utilized for operational monitoring and forecasting of heavy rainfall since 2003 (Maki et al. 2005a) . Using these MP-X radar data, a method for correcting Z H and Z DR resulting from rain attenuation at X band is presented, and further effects of attenuation on estimation of rainfall amounts and DSDs are investigated. The self-consistent method proposed by Bringi et al. (2001) , which was originally evaluated using C-band radar data, is adapted and modified for correcting attenuation of the MP-X radar data. The modified correction method is also evaluated by comparison with scattering simulations using ground-based disdrometer data.
This work consists of two parts. Part I deals with the theoretical basis for application of the correction algorithm to the X-band wavelength, based on scattering simulations using ground-based disdrometer data. In Park et al. (2005, hereafter Part II) , the attenuationcorrection method is evaluated with radar measurements by the MP-X radar, and then effects of attenuation on the estimation of rainfall amounts and DSDs are investigated. This first part is organized as follows. In section 2, previous studies for correcting attenuation with dual-polarized radar are briefly described, and then the self-consistent method of Bringi et al. (2001) is outlined. Scattering simulations used in the present study are described in section 3. The properties of empirical relations among polarimetric variables for the correction algorithm at X band are presented in section 4. The results are summarized in section 5.
Review of attenuation correction methods using polarimetric measurements

a. Past work
With dual-polarized radar, the attenuated Z H and Z DR can be corrected by using the differential propagation phase measurement (K DP or DP ). This is based on the result of Bringi et al. (1990) , who showed from scattering simulations that the specific attenuation (A H ) and the specific differential attenuation (A DP ϭ A H Ϫ A V ) are nearly linear with K DP . This concept, based on a simple linear relation, has been adapted and modified for correction of attenuation at S and C bands by many researchers (Ryzhkov and Zrnic 1995; Smyth and Illingworth 1998; Carey et al. 2000; Testud et al. 2000; Bringi et al. 2001) . However, one difficulty in using the empirical relations K DP -A H and K DP -A DP is that their coefficients can vary widely, mainly as a result of DSD (for large D 0 values Ͼ 2.5 mm), temperature, and drop shape variations. Jameson (1992) emphasized the effect of temperature variations. Carey et al. (2000) have summarized these variations at C band. For reliable correction of attenuation effects, the coefficient in the relation between A H and K DP should not be fixed by a preassumed value. Ryzhkov and Zrnic (1995) proposed an empirical correction method where the coefficients were determined as a mean slope between the measured DP and the measured Z H and Z DR over a wide sampling area. Their method, evaluated at S band, was improved and evaluated for C-band radar data by Carey et al. (2000) . While this latter method is strictly applicable only in homogeneous regions of rainfall, it tends to correct for attenuation effects in an average sense.
Testud et al. (2000) proposed another correction algorithm (the "ZPHI" rain-profiling algorithm), where the attenuated Z H is corrected by using a constraint that the total path-integrated attenuation is given by the increase in differential propagation phase ( DP ) along the path (i.e., assuming a fixed coefficient in the A H -K DP relation). This correction method was evaluated with C-band radar data by Le Bouar et al. (2001) . Although this method provides stable results for attenuation correction, it assumes that the coefficient of the relation between K DP and attenuation is fixed by a preassumed value obtained, for example, from scattering simulations. The constraint on the path-integrated differential attenuation based on the increase in DP along the path was also used for the correction of Z DR at S band by Smyth and Illingworth (1998) . This method has an advantage that the coefficient of the relation between K DP and A DP is not fixed, but is determined by the constraint that the intrinsic Z DR value on the far side of a rain cell should be 0 dB (assuming that the far side of the rain cell is composed of light drizzle with spherical drops). However, this constraint is not generally applicable, in particular, for X-band radar, which has a generally shorter observable range. Thus, another constraint for determining the intrinsic Z DR value at the far side of the rain cell is necessary.
The limitations of the method of Testud et al. (2000) and Smyth and Illingworth (1998) can be resolved by using the algorithm that is referred to as "the selfconsistent method with constraints," proposed by Bringi et al. (2001) , which is an extension of the method of Testud et al. (2000) for Z H correction and the method of Smyth and Illingworth (1998) for Z DR correction. The advantage of this method is that an "optimal" value for the coefficient between K DP and attenuation is estimated from the radar data itself. For Z DR correction, the constraint used by Smyth and Illingworth (1998) is extended to a general constraint for determining an intrinsic Z DR value at the far side of a rain cell. Bringi et al. (2001) evaluated the selfconsistent method with C-band radar data. As summarized above, most algorithms for attenuation correction were developed and evaluated at long wavelengths. Meanwhile studies at X band are very limited, with a few exceptions. Matrosov et al. (2002) proposed a correction method accounting for variations of drop shapes, which is based on an algorithm for estimating the effective slope of an assumed linear relation between the drop axis ratio and diameter (which uses Z H , Z DR , and K DP data) suggested by Gorgucci et al. (2000) . In their algorithm, the coefficients of the relation between K DP and attenuation is derived as a function of the "effective" slope factor (␤) in the relation between the drop axis ratio (a/b) and drop diameter (D) (i.e., a/b ϭ 1 Ϫ ␤D). With this relation, the correction of Z H and Z DR is accomplished by stabilizing the estimate of the slope factor over the entire beam using an iteration technique: first Z H and Z DR are corrected from a preassumed value for ␤. Then, a new value for ␤ is derived from the corrected Z H and Z DR by using a relation for effective drop shape modified for X band. The derived ␤ value is compared with the preassumed ␤ value. If the deviation between two values for ␤ is larger than a given threshold, Z H and Z DR are recorrected by using the derived ␤ value, and then a new slope factor is again derived and compared. Matrosov et al. (2002) focused on rainfall estimation and the comparison with gauges rather than explicitly validating corrected Z H and Z DR . Iwanami et al. (2003) adapted and modified the ZPHI algorithm, in order to correct attenuation and estimate rainfall amounts from X-band radar. They also focused on rainfall estimation, rather than validation of the correction methodology. Anagnostou et al. (2004) extended the ZPHI technique to X band by estimating the parameter ␤ in a different manner as compared with Matrosov et al. (2002) , and then proceeded to correct the Z H and Z DR data using a DSD-based approach explored in the work of Testud et al. (2000) and Le Bouar et al. (2001) .
In this study, emphasis is placed on the evaluation of the correction method by comparing the corrected Z H and Z DR for attenuation with the values obtained from scattering simulations using ground-based disdrometer data. The self-consistent method of Bringi et al. (2001) was adapted and modified for attenuation correction of the MP-X radar data, because it appears to be relatively immune to variations of temperature, drop shape, and other factors, in a "beam averaged" sense.
b. Self-consistent method with constraints
The correction of radar reflectivity and differential reflectivity for attenuation requires estimation of specific attenuation A H and specific differential attenuation A DP , respectively. The attenuated (measured) ZЈ HH (mm 6 m
Ϫ3
) and ZЈ DR (dB) at a range r are related to corrected Z H and Z DR as follows: 10 log 10 ͓ZЈ H ͑r͔͒ ϭ 10 log 10
where A H and A DP are in decibels per kilometer. To determine the A H and A DP , the self-consistent method proposed by Bringi et al. (2001) extends the ZPHI rainprofiling algorithm of Testud et al. (2000) and the method of Smyth and Illingworth (1998) . The selfconsistent method was evaluated with C-band radar data (details can be also found in Bringi and Chandrasekar 2001) . In this paper, the method is briefly outlined and is focused on modification to the X-band wavelength. In the ZPHI algorithm, A H is determined with a constraint that the cumulative attenuation from r 1 to r 0 must be consistent with the total change of differential propagation phase DP [⌬ DP ϭ DP (r 0 ) Ϫ DP (r 1 )], where r 1 and r 0 denote the starting and ending range of a rain cell (r 1 Ͻ r Ͻ r 0 ), respectively. Under this constraint, a final form of A H is given by
where
In the above equations, ␣ and b are a coefficient and an exponent that can be found from the following empirical relations based on scattering simulations:
͑6͒
(where A H is in dB km
Ϫ1
, K DP is in°km
, and Z H is in mm Ϫ6 m
Ϫ3
). Once A H (r) at each range is calculated by (3), the corrected Z H (r) is determined by substituting A H (r) into (1).
It is worthwhile to note that the formulation of A H in (3) is the one derived under the assumption that there is a linear relationship between A H and K DP ; that is, the exponent c in (6) is close to unity. This linearity is a good approximation at frequencies from 2.8 to 9.3 GHz, as shown in Bringi et al. (1990) and Jameson (1992) . Note also that the formulation of the A H range profile in (3) requires set a priori values for the exponent b and the coefficient ␣ in the relation A H -Z H (5) and A H -K DP (6), respectively. As already noted, the coefficient ␣ can vary widely with temperature and drop shape. As summarized by Carey et al. (2000) , the coefficient ␣ varies from about 0.05 to 0.11 dB (°) Ϫ1 at C band. At X band, it varies from 0.139 to 0.335 dB (°)
Ϫ1
, as will be shown later. Because of this wide variation, a preassumed fixed value of ␣ may cause errors in the A H range profiles and, consequently, in the corrected Z H range profile. On the other hand, the exponent b in the relation A H -Z H (5) varies within a relatively small range, because A H and Z H are less sensitive to variations of temperature and drop shape than are the other polarimetric variables K DP , A DP , and Z DR (e.g., see Zrnic et al. 2000; Keenan et al. 2001) , as will be shown later. Delrieu et al. (1997) found that the exponent b varies from 0.76 to 0.84 at X band and Bringi et al. (2001) found about 0.8 from scattering simulations at C band.
To overcome the impact of the ␣ variability, the selfconsistent method of Bringi et al. (2001) does not demand a fixed a priori value for ␣, but searches for an optimal ␣ value within a predetermined range (␣ min , ␣ max ), which can be obtained from scattering simulations under various conditions of temperature and drop shape. First, for each ␣ value, A H (r; ␣) at each range is calculated by (3), and then DP (r; ␣) is calculated as DP cal ͑r ; ␣͒ ϭ 2 ͵ r 1 r A H ͑s; ␣͒ ␣ ds. ͑7͒
The optimal ␣ is the value that leads to a minimum difference between the calculated DP (r; ␣) and the measured (and filtered) DP (r) over the entire range from r 1 to r 0 through an attenuating rain cell
where i denotes the range gate index from r 1 to r 0 . This method of estimating an optimal ␣ is one of the main advantages of the self-consistent method. Similar to the Z H correction, the correction of the measured Z DR requires determination of A DP , as given in (2). In the self-consistent method, A DP is obtained from A H as
where d is close to unity at X band. Substituting (9) into (2), the corrected Z DR values at each range can be obtained. Similar to the variability in ␣, ␥ can also vary and, hence, the selection of an appropriate ␥ value is also important in Z DR correction. In the self-consistent method, an optimal ␥ value is determined through a self-adjusting procedure with a constraint. Smyth and Illingworth (1998) proposed a constraint that the intrinsic (unattenuated) Z DR on the far side (r 0 ) of a rain cell should be 0 dB, that is, Z DR (r 0 ) ϭ 0 dB, for example, spherical drops in light drizzle. Although their constraint is a good approximation at low rainfall rates (representative of low Z H and spherical raindrops), it may not be generally valid, for example, Z DR (r 0 ) will be greater than 0 dB when the far side of a rain cell is near the maximum observable range and contains moderate or heavy rainfall. Bringi et al. (2001) extended the constraint of Smyth and Illingworth (1998) similar to the following form:
where r 0 is the range at the end of the rain cell and Z H (r 0 ) is the corrected value at r 0 . In the above relation, p and q are slope and intercept parameters, respectively, that can be found from scattering simulations. Under this constraint, the optimal value is determined as
where ␣ opt is the value optimized in the procedure of the Z H correction. Note that under the constraint of Smyth and Illingworth (1998) , Z DR (r 0 ) in (11) is 0 dB. Substituting (9) and (11) into (2), the final form for correcting Z DR attenuation at a range r is
Scattering simulations
The self-consistent method for the correction of Z H and Z DR attenuation requires empirical relations among the polarimetric variables, such as A H -K DP , A H -Z H , A DP -A H , and Z DR -Z H relations. Because these relations can be sensitive to variations of DSDs, temperatures, and drop shapes, various conditions should be considered in the derivation of the relations. In this study, the relations among the polarimetric variables were derived from scattering simulations based on drop spectra measured by Joss-Waldvogel-type disdrometers in the Tsukuba area of Japan during JuneDecember 2001. The drop spectra that were collected every minute during the period were first processed by quality control procedures as follows: drop spectra were discarded if the rainfall rates were less than 0.1 mm h Ϫ1 or if the number of channels with nonzero counts were less than 6. In addition, drop spectra were discarded if nonzero counts were recorded at channels only above the fourth (0.7-mm diameter) or below the eighth (1.3-mm diameter) channels. This procedure resulted in a total of 19 749 drop spectra with a maximum rainfall rate of 133 mm h
Ϫ1
. These processed drop spectra were then corrected for the dead-time effect, which causes underestimation of small drops (Sheppard and Joe 1994) . Using these drop spectra, the T-matrix approach (Barber and Yeh 1975) was employed for the scattering simulations.
The scattering simulations were performed at the wavelength of the MP-X radar (3.2 cm) of NIED, under the following conditions: three different temperatures (0°, 15°, 30°C) and three different mean axis ratio versus D relations (also referred to as drop shape relations). Elevation angle was fixed at 0°. To account for turbulence the canting angle distribution was assumed to be Gaussian with mean of 0°and standard deviation of 10° (Beard and Jameson 1983) . To account for drop oscillations, three drop shape relations were assumed: two taken from the literature and one derived from previous work for application in this paper. Figure 1 presents axis ratios from a number of previous studies ranging from the equilibrium axis ratios of Green (1975) and Beard and Chuang (1987) to several others that account for drop oscillations in a mean sense. The relation proposed by Keenan et al. (2001) produces the largest axis ratios (or the smallest oblateness) relative to equilibrium over the entire range of drop sizes: it tends to account for transverse mode oscillations for all drop sizes and possibly represents one "extreme" relation. The relation proposed by Andsager et al. (1999) produces similar axis ratios to those from the Keenan relation for small drops (below about 2 mm), but accounts for transverse mode oscillations for drops up to 4.4 mm, and then assumes equilibrium shapes beyond that. The numerical model of Beard and Chuang (1987) is believed to be an accurate relation for equilibrium shapes: the composite relation obtained by using the Andsager et al. (1999) fit for D Յ 4.4 mm and the Beard and Chuang (1987) model for D Ͼ 4.4 mm has been proposed by Bringi et al. (2003) and for simplicity is referred to here as the Andsager relation. In Fig. 1 , the relation referred to as the "minimum" was derived by interpolation of the smallest values among the axis ratios calculated from the relations in the literature. The "minimum relation" fit is given as aրb ϭ 1.005 89 Ϫ 0.029 74D Ϫ 0.012 21D 2 ϩ 0.001 52D
where D is in millimeters. This minimum relation produces the smallest axis ratios (or the largest oblateness) over the entire range of diameters up to 8 mm. These minimum axis ratios are close to those of Pruppacher and Beard (1970) and Green (1975) for D Ͻ 4 mm and are close to Beard and Chuang (1987) for D Ͼ 4.4 mm. It represents the extreme case of no drop oscillations.
To study the dependence of the polarimetric variables under different drop shape models, the three relations, that is, the Keenan relation that produced the largest axis ratios, the Andsager relation, and the minimum relation, were used for the scattering simulations of the polarimetric variables. drop shapes. It is shown that there is good correlation between A H and K DP , A H and Z H , and A DP and A H , with correlation coefficients of 0.994, 0.967, and 0.993, respectively. These high correlations imply that the empirical relations are applicable for attenuation correction at X band, based on the self-consistent method. However, it is also shown that the mean relations A H -K DP and A DP -A H vary with the assumed relation for drop shapes. In the case of the A H -K DP relation (Fig. 2a) , the coefficient ␣ increases from 0.173 to 0.315 dB (°) Ϫ1 because the relation for drop shapes varies from the minimum (the largest oblateness) to the Keenan relation (the smallest oblateness). On the contrary, the exponent c of the A H -K DP relation shows a relatively small variation with a mean value of 1.140, which is close to unity. The coefficient ␥ of the A DP -A H relation (Fig. 2c) also varies from 0.114 to 0.166, corresponding to the variation of the assumed relation for drop shapes. Similar to the A H -K DP relation, the exponent d of the A DP -A H relation presents a relatively small variation with a mean of 1.13, which is close to unity. On the contrary, the A H -Z H relation (Fig. 2b) is nearly constant with drop shapes, with a mean value of 1.370 ϫ 10 Ϫ4 dB km Ϫ1 (mm 6 m Ϫ3 ) Ϫ1 and 0.779 for its coefficient a and exponent b, respectively. This means that Z H and A H are not affected by variation of drop shapes, which is expected from physical considerations.
Results of scattering simulations
Comparing the coefficient ␣ of the A H -K DP relations in Fig. 2 with those in previous studies, the ␣ value from the Keenan relation (0.315) is very close to that of Testud et al. (2000) , who found 0.32 from scattering simulations at X band and for the Keenan relation for drop shapes. On the contrary, the ␣ value from the minimum relation in this study (0.173) is smaller than those in the previous studies Jameson 1992; Matrosov et al. 2002) . Jameson (1992) and Matrosov et al. (2002) found 0.233 and 0.22, respectively, from the drop shape relations proposed by Pruppacher and Beard (1970) . Bringi et al. (1990) showed that the ␣ value was 0.247 for the drop shape relation proposed by Green (1975) . Thus, their results are very similar, because the relations of Pruppacher and Beard (1970) and Green (1975) produce very similar drop shapes, as shown in Fig. 1 . However, the minimum relation used in this study presents larger oblateness than other relations for large drops (D Ͼ 4 mm), though it is similar to other relations for small drops. From scattering simulations, the coefficient ␣ of the A H -K DP relation tends to decrease as drop oblateness increases, because K DP is more sensitive to drop shape than A H , which has been shown earlier by Gorgucci et al. (2000 Gorgucci et al. ( , 2001 in the similar context of R-K DP relations. Thus, the relatively small value for the coefficient ␣ from the minimum relation is mostly the result of its larger oblateness than other relations for drop shapes. The dependence of the coefficients ␣ and ␥ (and the exponents c and d) of the A H -K DP and A DP -A H relations with temperature and frequency using the equilibrium shapes of Pruppacher and Beard (1970) have been well-documented through simulations by Jameson (1992) . Table 1 presents statistics of the coefficients and exponents of the relations among the polarimetric variables simulated herein under the various conditions: three different temperatures (0°, 15°, and 30°C) and three different relations for drop shapes, as described in section 3. As shown in Table 1 , the coefficient ␣ of the A H -K DP relation varies from 0.139 to 0.335, with a mean value of 0.254 and a standard deviation of 0.070. This standard deviation corresponds to a variation of 28% to the mean value. The coefficient ␥ of the A DP -A H relation also varies from 0.114 to 0.174, with a standard deviation of 0.024 accounting for variation of 17% to its mean value of 0.139.
In contrast to the coefficient ␣ of the A H -K DP relation, the exponent c presents a relatively small variation (Table 1) , with a mean value of 1.143, which is close to unity. The standard deviation is 0.104, which accounts for a variation of only 9% to the mean value. Figure 3 shows the dependence of the exponent c on temperature and drop shape. The exponent c tends to increase with temperature in agreement with Jameson (1992) . For the Andsager (minimum) relation, the value of c increases from 1.00 (1.09) to 1.22 (1.31), which corresponds to an increase of 22% (20%), as temperature increases from 0°to 30°C. However, at a fixed temperature of 0°C, the c value increases from about 1.00 to 1.09, because the drop shapes varies from the Andsager relation to the minimum relation. This variation corresponds to an increase of only 9%. This increase of c with the variation of the drop shape relation is almost constant at other temperatures. Thus, the exponent c is affected mostly by the variation of temperature and its maximum value reaches to 1.31 at the temperature of 30°C and the minimum relation. This increase of c above unity, mostly the result of the increase of temperature, implies that the use of (3) based on linearity for deriving the A H range profile may result in a larger error at higher temperatures. However, the effect resulting from such nonlinearity may be negligible in the attenuation correction, because the drop temperature range is expected to be lower than 30°C, especially if drops form from melting ice particles. Moreover, the variation of the exponent c (9%) is much smaller than that of the coefficient ␣ of the A H -K DP relation (28%). For the reliable correction for attenuation based on (3), therefore, the selection of an optimal ␣ is more important than a consideration of the nonlinearity of the A H -K DP relation caused by increasing temperature.
The exponent d of the A DP -A H relation also shows relatively small variations, compared to the coefficient ␥ (Table 1) . Although the exponent d reaches to 1.239 at the temperature of 0°C and the Andsager relation for drop shapes, its standard deviation of 0.067 accounts for only 6% to its mean of 1.134. This small variation and (Table 1) , with a mean value of 0.780 and a standard deviation of 0.019, which accounts for the variation of only 2% to its mean value. Figure 4a shows the variation of the exponent b with temperature and drop shape. It is shown that the exponent b mostly depends on temperature, while it is not affected by variation of drop shapes as shown earlier in Fig. 2b . The exponent b has a mean value of 0.758 and 0.779 at the temperature of 0°and 15°C, respectively. Thus, the value of b can be assumed to be constant for a given temperature. The variation range of the exponent b obtained in this paper (0.757-0.804) is similar to that (0.76-0.84) found by Delrieu et al. (1997) , and its mean value (0.780) at the temperature of 15°C is similar to that (about 0.8) at C band .
In contrast to the exponent b, the coefficient a of the A H -Z H relation presents a relatively large variation (Table 1) , whose standard deviation (3.247 ϫ 10 Ϫ5 ) accounts for 24% variation to its mean value (1.367 ϫ 10
Ϫ4
). However, note that the coefficient a is not used in the algorithm for Z H correction, as shown in the formulation for A H (3). The large variation of the coefficient a is mainly the result of the variation of temperature, rather than drop shape, similar to the exponent b. As shown in Fig. 4b , the coefficient a has almost constant value for a given temperature, for example, a mean value of 1.370 ϫ 10 Ϫ4 at the temperature of 15°C. This insensitivity of the A H -Z H relation with respect to drop shapes was also shown in Fig. 2b . Although the A H -Z H relation depends on temperature, however, the variation of the A H -Z H relations presented in Table 1 and Fig. 4 does not produce significant variations in the Z H and A H values that are to be derived from those relations, as will be shown in Fig. 8 of Part II, because the decrease of the coefficient a with temperature is offset by the increase of the exponent b. On the contrary, the A H -K DP and A DP -A H relations will present a large variation with temperature and drop shape, because K DP and A DP are more sensitive to those variations than are Z H and A H , as shown in Fig. 2 and Part II. (where Z DR is in dB and Z H is in dBZ ). The Z DR -Z H relation, however, is not sensitive to the variation of temperature. For example, at the temperature of 0°and 30°C and the Andsager relation for drop shapes, the Z DR -Z H relation is Z DR ϭ 0.0541Z H Ϫ 0.534 and Z DR ϭ 0.0497Z H Ϫ 0.468, which deduce Z DR values of 2.44 and 2.27 dB for Z H Ն 55 dBZ, respectively. These values are very close to that (2.39 dB) at the temperature of 15°C. This result allows one to assume a constant Z DR -Z H relation, independent of the variation of temperature. As shown in the figure, however, the Z DR values vary within a somewhat wide range at a given Z H value, with a mean standard deviation of 0.38 dB (2 ϭ 0.76 dB). An effect of this wide variation in the determination of the constraint Z DR (r 0 ) on the correction of Z DR attenuation is discussed with real radar measurements in section 4b of Part II.
Summary and conclusions
One difficulty of using X-band radars for hydrometeorological studies is that the attenuation is much larger at X than at S or C bands, resulting in a significant decrease of observed radar reflectivity and differential reflectivity with increasing propagation of the radar beam into the rain medium. In the present study, a method for correcting attenuation by the rain medium is presented for X-band polarimetric radar application. This method is modified for X band and evaluated with the MP-X radar of NIED, which is used for hydrometeorological applications, such as the estimation of rainfall amounts and drop size distributions.
In this article, the relations among the polarimetric variables that are required in the self-consistent method, such as A H -K DP , A DP -A H , A H -Z H , and Z DR -Z H relations, were derived from scattering simulations using drop spectra measured by Joss-Waldvogel-type disdrometers in the Tsukuba area of Japan during JuneDecember 2001. The scattering simulations were performed at the frequency (9.375 GHz) of the MP-X radar, under various conditions such as three different temperatures (0°, 15°, and 30°C) and three different relations for raindrop shapes, in order to consider the sensitivity of the polarimetric variables to these conditions. The scattering simulations revealed that the A H -K DP and A DP -A H relations can be assumed to be quasi linear, though their exponents increase above unity with increasing temperature. The coefficients ␣ and ␥ of the A H -K DP and A DP -A H relations showed wide variations from 0.139 to 0.335 dB (°) Ϫ1 and from 0.114 to 0.174, respectively. The exponent b of the A H -Z H relation mostly depends on temperature, while it is not affected by the variation of drop shapes. Although, the value of b increases with temperature, it can be assumed to be constant for a given temperature, with a mean value of 0.758 and 0.779 at the temperature of 0°a nd 15°C, respectively. The mean Z DR -Z H relation for the constraint Z DR (r 0 ) in the Z DR correction procedure depends on drop shapes, while it is nearly constant for the variation of temperature. This result means that the mean Z DR -Z H relation can be assumed as a constant for the variation of temperature.
In Part II, the self-consistent method for the correction of rain attenuation is modified and applied to the MP-X radar of NIED, based on the above results obtained from the scattering simulations at the X-band wavelength. The correction method is evaluated by comparing radar data with scattering simulations using disdrometer data at the surface. Further, effects of attenuation on estimation of rainfall amounts and DSDs are investigated.
